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ABSTRACT

Production and anneal of defects in electron-irradiated, float-zone silicon
solar cells were studied by DLTS. In boron- and gallium-doped, n*-p cells, domi-
nant defects were due to the divacancy, carbon interstitial, and carbon complex.
Results suggest that the DLTS peak normally ascribed to carbon complexes also in-
volves gallium. For gallium- and, to a lesser extent, boron-doped samples, damaged
lifetime shows substantial recovery only when the carbon-complex peak has annealed
out at 400°C. In boron-doped, n*-p-p* cells, a minority carrier trap (E1) was also
observed by DLTS in cells with a boron p*, but not in those with an aluminum p*
back. A level at E, + 0.31 eV appeared upon 150°C annealing (E1 out) in both p*
back types of samples.

INTRODUCTION

In electron-irradiated electronic devices such as solar cells, interactions
between dopant, intrinsic impurities, and point defects can lead to the formation
of damaging complexes. Irradiation of boron-doped silicon, for example, can pro-
duce various defects involving boron, carbon, oxygen, vacancies, and interstitials.
Techniques such as Deep Level Transient Spectroscopy (DLTS) have been used (refs. 1
to 3) for defect detection. Weinberg and Swarz (refs. 4 and 5), in correlating the
annealing behavior of defects observed by DLTS (ref. 3) with short circuit current
(Jsc), attributed the observed reverse anneal of Jg¢ to the emergence of the E, +
0.30 eV level. Rohatgi (ref. 6) also concluded from DLTS measurements that this
defect is responsible for reverse annealing in irradiated boron-doped cells.

This report describes results of our DLTS studies of defects in electron-
irradiated solar cells fabricated from float-zone silicon. Since irradiated gal-
1ium-doped cells have shown a potential for greater recovery after anneal than
boron-doped cells (ref. 7), we have compared radiation-induced defects in high
purity, nt-p silicon cells doped with gallium and boron. Results of defect
annealing studies are presented and minority carrier lifetime measurements are
correlated with defect anneal. Defect production and annealing behavior have also
been studied in a set of boron-doped, n*-p-p*t silicon cells, which were fabricated
with either an aluminum p* or a boron p* back surface.
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EXPERIMENTAL

Diffused junction, n*-p cells, doped with either gallium (2, 10, and 20 ohm-
cm) or with boron (2 ohm-cm), were fabricated by Spectrolab, Inc. from high purity,
float-zone silicon (ref. 8). A second set consisted of diffused junction, n*-p-p*
cells doped with boron (1 and 10 ohm-cm) and fabricated by Comsat Laboratories from
float-zone silicon. Cells for each base resistivity had an aluminum and boron p*
back surface and these will be referred to as Al p* and B pt*, respectively. Pro-
cessing. conditions were: Al11 Al p* cells - no pre-oxidation, single-step phos-
phorus front and aluminum back diffusion at 850°C for 30 min., and no post, or
final, anneal; 10 ohm-cm, B p* cells - no pre-oxidation, boron back diffusion at
950°C for 30 min., phosphorus front diffusion at 850°C for 15 min., and post anneal
at 450°C for 14 hrs.; 1 ohm-cm, B p* cells - identical to the 10 ohm-cm, B p*
cells except for pre-oxidation at 1050°C for 30 min. Cells were diced into chips
0.25 cm on edge and these were mesa-etched to minimize leakage current, mounted on
T0-5 headers with silver epoxy, and top-contacted by ultrasonic bonding (refs. 9
and 10).

Defects were detected by DLTS (ref. 11) by using the lock-in amplifier version
of the technique (ref. 12). For bias pulse voltages and base resistivities used,
the regions approximately 0.3 to 3 micrometers below the metallurgical junction
could be examined. Minority carrier 1ifetime was measured by a diode reverse
recovery technique and deeper levels unobservable by DLTS were monitored by
capacitance-voltage measurements. Short circuit current was measured on either 1x1
cm or 1x2 cm cell pieces with the use of a Spectrolab solar simulator.

Samples were irradiated in air at room tem%erature with 1-MeV electrons to
fluences ranging from 1. 0x1015 to 1.6x1016 e- /cmé, measured within one day after
irradiation, and stored in dry ice. Lower fluences were used on cells and on com-
panion samples for accompanying DLTS scans and minority carrier lifetime measure-
ments. Samples were isochronally annealed to 100°C in air and continued to about
425°C in a nitrogen atmosphere for periods of either 20 or 30 minutes at tempera-
ture.

RESULTS AND DISCUSSION

Principal DLTS peaks in irradiated samples were found to be majority carrier
traps associated with levels at Ey + 0.21eV (Hl, divacancy), +0.27ev (H2, carbon
interstitial), and +0.34eV (H3, carbon complex). A minority carrier trap at E,-
0.26eV (E1, boron complex) was observed for boron-doped, B p* samp1es and upon
annealing at 150°C, this level disappeared and another majority carrier trap at
Ey + 0.31eV (H4) emerged.

nt-p cells

Figure 1 shows DLTS spectra of 2, 10 and 20 ohm-cm (6.5x1015, 1.4x1015, and
5.9x1014 cm-3, respectively), gallium-doped silicon samples irradiated to a fluence
of 5x1015e’/cm2. The three dominant majority carrier traps Hl, H2, and H3 are
attributed to the divacancy (ref. 2), carbon interstitial (ref. 2), and carbon
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complexes, respectively. The identity of these carbon complexes is uncertain and
they have been described as a carbon interstitial-substitutional pair (Ci-Cg) in
reference 2 and as a vacancy-oxygen-carbon complex (V-0-C) in reference 3. It is
apparent that the amplitude of H3 is gallium concentration dependent, increasing

as the gallium content increases. It is interesting to note that the relative
concentrations of HZ to H3 decrease with increasing gallium concentration. The
introduction rate for Hl is essentially constant for all three sample resistivities.
It should be noted that boron-doped samples showed Hl and H2, but little or no
production of H3.

Isochronal anneals from 50° to 100°C indicate that the gallium content
apparently influences the anneal of the carbon interstitial, which disappeared more
rapidly in the order of decreasing resistivity. We have not observed similar
behavior in float-zone, boron-doped silicon. Peak H3 grew during this annealing
sequence, and the largest increase occurred in the 20 ohm-cm samples.

The most dramatic example of the effect of gallium on annealing behavior is
given in figure 2 which shows the anneal of peak H3. The annealing data were
normalized to the amplitude of peak H3 after the 100°C annealing step. It is
clearly seen that peak H3 involved at least two defects as an annealing stage
centered at about 175°C appears and becomes more pronounced with increasing gallium
concentration. Peak H3 may contain a carbon complex, but it also contains another
defect which involves gallium in some way. Continuing the anneal, one finds a
significant growth in peak H3, again showing a greater fractional growth for the
lTower gallium concentration. Note that this behavior was observed in other gallium-
doped float-zone as well as crucible-grown, samples separately prepared from 1
and 10 ohm-cm silicon wafers. A detailed analysis of peak H3 at the 100°C step, at
and after the 175°C annealing stage, and at the maximum growth point of 300°C has
not yet been done. Essentially complete recovery is achieved after the 400°C
anneal. The divacancy annealed out at 250°C to 300°C. It should be noted that an
unidentified majority carrier trap, shallower than H3, emerged during the anneal at
about 200°C and disappeared after the 400°C step.

Degradation and recovery of minority carrier lifetime was followed after each
irradiation and annealing step for all gallium-doped samples. The data for 20 ohm-
cm samples are shown in figure 3 which depicts the annealing behavior of peak H3,
the lifetime, and the recovery of "deeper levels" not observable by DLTS but
monitored by capacitance-voltage measurements. It is noted that the substantial
growth in peak H3 coincides with the complete anneal of the deeper levels. Lifetime
shows no significant recovery until H3 has annealed out at the 400°C step at which
point it recovered to about 60 percent of its pre-irradiation value. The recovery
of lifetime in the 2 and 10 ohm-cm, gallium-doped samples followed a similar pattern.

Figure 4 shows defect annealing data and lifetime measurements as a result of
isochronal anneals from 50°C to 400°C for the 2 ohm-cm, boron-doped silicon. The
anneal of peak H2, attributed primarily to the carbon 1nterst1t1a1, is essentially
complete by about 75°C. No explanation for the residual which persists at 100°C
can be given at this time. The growth of H3 is evident, but not significant until
one exceeds 225°C. No secondary annealing stage appears as in gallium-doped samples.
Peak H3 reaches a maximum at 350°C and anneals out by 400°C. The peak H4 was first
observed after the 150°C anneal and it has been suggested that it is either a boron-
oxygen-vacancy (B-0-V) in reference 3 or a silicon interstitial pair (Siy-Siy) in
reference 2. It continues to grow, peaks at 350°C, and anneals out at 400°C.
Annealing behavior was found to be similar in cruc1b1e grown, boron-doped silicon.
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It is important to note that lifetime does not recover until the 400°C anneal step
at which point H3 and H4 are gone and even then only to about 20 percent of the
pre-irradiation values. Our lifetime measurements on these boron-doped samples
give no suggestion of a reverse anneal.

nt-p-p* cells

Figure 5 shows typical DLTS spectra, taken under injection conditions, of 10
ohm-cm, boron-doped, Al p* and B pt samples irradiated to a fluence of 1x1015
e-/cm2. The most striking difference is the presence of a minority carrier trap
(E1) in B p* and its absence in Al p* samples. It is important to note that DLTS
samples of both types of cells were well-behaved diodes with similar dark current-
voltage and injection characteristics. Also, cells had been prepared from the same
silicon ingot. In spite of being identical samples, except for back surface type
and processing, only B p* showed E1. Figure 5 also shows evidence for peak H3 in
both sample types, quite suppressed in Al p*. Peaks Hl and H2 appear in comparable
quantities in both types.

The absence of a distinct reverse anneal in irradiated, high-purity, boron-
doped silicon (see fig. 4) as followed by lifetime measurements with the diode
reverse recovery technique led to a study of cell annealing behavior. Companion 10
ohm-cm cells and DLTS samples were irradiated simultaneously. Figure 6 shows the
isochronal anneal, using Jg¢ measurements, of four types of cells including a 10
ohm-cm, gallium-doped cell for comparison. It is clear that the Al p* and B p+
cells show similar trends and recovery characteristics, with a reverse anneal in
the 200° to 300°C region and virtually complete recovery after annealing at 400°C.
The 2 ohm-cm crucible-grown cell behaves similarly. The gallium-doped cell does
not show the pronounced reverse anneal and, in fact, recovers in the 200° to 300°C
region. Generally, this annealing behavior is similar to that reported earlier
(ref. 13) in an extensive study of annealing performance of solar cells. Companion
DLTS samples showed spectra similar to those presented in figure 7 and defect
annealing behavior similar to that shown in figure 8. Although these figures show
data for more heavily-irradiated samples, they demonstrate that deeper levels, H3,
and H4 are present in significant concentrations during the reverse anneal experi-
enced by the boron-doped cells.

In figure 7, typical DLTS spectra for 10 ohm-cm, B p* samples after irradia-
tion to a fluence of 1.6x1016e-/cm? and after three representat1ve annealing
steps are shown. Al pt samples gave similar spectra, except for the absence of
El. The fractional original minority carrier lifetime (t/tq) is given in paren-
theses under the irradiation fluence and the annealing temperature. Note that the
spectrum after the 427°C anneal was taken at ten times greater sensitivity than
that for the other three spectra. Each given peak is labeled once as it first
appears. The prominent peaks observed after irradiation are identical to those
obtained for the more lightly-irradiated B p* shown in figure 5. When these
anneal out, a new generation of defects appears in lower concentration. At 177°C,
H2 is gone, H3 has grown, and H4 has come in at a temperature associated with the
disappearance of E1. Hl is still present in its post-irradiation concentration.
At 355°C 1ifetime begins to show recovery and it is important to note that capaci-
tance-voltage measurements show that deeper levels have now annealed out. The
spectrum shows a loss in H3 and the appearance of small quantities of unidentified
defects, H5 and H6. At 427°C, the spectrum at greater sensitivity shows the loss
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of essentially all of the initial radiation-produced defects and the presence of
additional, unidentified H7, H8, and H9 defects. Lifetime has begun to show sub-
stantial recovery in this boron-doped sample. Other boron-doped samples have
shown as much as 30 percent recovery at this temperature.

Figure 8 shows the annealing behavior of defects introduced by irradiating
10 ohm-cm, B p* samples to a fluence of 1.6x1016 e-/cm2, Except for the absence of
El and smaller production of H3, defects in 10 ohm-cm, Al p* samples showed similar
annealing behavior for this fluence. The total radiation-induced defect concentra-
tion for each p* type is nearly the same and estimated to be about 4x1014 cm-3 for
these samples.

CONCLUDING REMARKS

We have observed significant differences in the defect production and anneal-
ing behavior of float-zone silicon, comparably doped with gallium and boron. The
recovery of Jg¢ in limited annealing studies of gallium- and boron-doped silicon
solar cells reflects some of these differences.

In n*-p-p™ samples, a minority carrier trap located at E. - 0.26eV was observ-
ed in those with a B p* back, but not observed in those with an Al pt* back surface.
The differences in processing of these cells does introduce oxygen into the B p*
cells. There may be sufficient oxygen in these samples to produce the By-0Op complex
suggested in reference 3. We clearly observed the minority carrier trap in crucible-
grown silicon, comparably doped with boron. Regardless of whether we observe the
minority carrier trap or not in n*-p-p* samples, E, + 0.31leV grows in. Both B p*
and Al p* show the influence of this growth in the reverse anneal.

Additional study is needed on diodes fabricated from float-zone, boron-doped
silicon which is of high purity and Tow carbon content. Diodes should be fabricat-
ed such that oxygen is not introduced in processing or introduced in a carefully
controlled manner.
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Figure 3. Isochronal anneal of the carbon-related peak (H3) in 1-MeV
electron irradiated (5x1015 e-/cm2) 20 ohm-cm, gallium-doped
silicon as well as anneal of deep levels and recovery of lifetime.
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Figure 5. Comparison of DLTS spectra of electron-irradiated Al p* and
B p* back surface samples from nt-p-p* cells.
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Figure 6. Isochronal anneal of short circuit current (Jgc) in electron-
irradiated, silicon solar cells. Crucible-grown cell is 2 ohm-cm.
All other cells are 10 ohm-cm.
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